Regenerative braking (RB) will minimize duty levels on the brakes, giving advantages including extended brake rotor and friction material life and, more significantly, reduced brake mass and minimised brake pad wear. Thermal performance was a key factor which was studied to measure disc surface temperature using chassis dynamometer in a drag braking with constant speed. The experimental work presented here to find friction coefficient and heat transfer coefficient, and evaluate temperatures for a ventilated brake disc and for a prototype lightweight disc using a Rototest chassis dynamometer. Heat transfer coefficient and friction coefficient of friction material can be determined from cooling analysis. The results from experiments on a prototype lightweight brake disc were shown to illustrate the effects of RBS/friction combination in terms of weight reduction. The design requirement, including reducing the thickness, would affect the temperature distribution and increase stress at the critical area. Based on the relationship obtained between rotor weight, and thickness, criteria have been established for designing lightweight brake discs in a vehicle with regenerative braking.
1.0 INTRODUCTION
Energy recuperated from a regenerative braking (RB) depends on the size of the motor/generator (M/G); the bigger the size the more electric power will be produced, but high braking torque during braking could lead to wheel lock [1] [2] . A suitable M/G size was 40 kW for use in a medium-sized passenger car with a mass of between 1000 kg and 1500 kg based on the calculation. This power is for a constant speed on a flat road, at lower speeds, or driving in urban areas in which the average load power is much lower. When braking, the 40 kW M/G itself could provide the required brake torque without friction brake (FB) to slow down the vehicle at decelerations under 0.4 g and could be recuperated from 30% up to 45% of the total braking energy in a single-stop braking situation depending on the system efficiency. However, when the vehicle deceleration is higher than 0.4 g, the FB has to provide the required vehicle deceleration. Using a 40 kW M/G gives low duty to the FB and potentially requires small FB or reduction in mass of the standard brake to a lighter brake disc [3] .
Aluminium has a lower density than cast iron and stainless steel. Cast aluminium and aluminium-based metal matrix composites (MMC) have been proposed for brake discs and drums in recent years [4] . An aluminium MMC describes a type of lightweight high-performance aluminium alloys/composites. The weight benefits of Aluminium MMC disc brake can be as much as 45-61% [5] . Thermal conductivity of this material is much higher, and it is capable of rapidly conducting heat from the friction surface. However, Al-MMC has not been studied in this research because it has a low maximum operating temperature (MOT) at 450C; it is thus too soft, leading to poor wear resistance, and is generally unsuitable for use in road vehicles.
The thermal stability of the brake system is primarily ensured by the correct design of the brake discs. The heat storage capacity (thermal mass) of the brake disc has a considerable effect on the behaviour of the brake caliper. Based on the previous analysis the available RB energy ranges from 30% to 87% on the front wheels and the duty level of FB in a car with RB is estimated to be low [2, 6] . The maximum braking power of FB is predicted to be in the range from 15 kW to 78 kW for a typical road car [7] . This paper presents a prototype lightweight disc rotor and results of testing to compare the brake temperature behaviour between prototype solid disc and ventilated disc. The experimental setup for determining the cooling prototype and ventilated discs is also presented which enables the heat transfer coefficient from the exposed surface of a brake rotor to be evaluated. The goals of this paper was to investigate ways of reducing vehicle mass and thus fuel consumption by focusing on a new design of lightweight brake for car with regenerative braking.
Single Stop Temperature Calculation
Brake application assuming the total vehicle KE is transformed into heat based on single stop temperature rise (SSTR) calculation [8] during a stop from maximum speed of 27.7 m/s at 0.4 g: Total kinetic energy at each front disc for vehicle mass, m = 1495 kg. KE = ½ MV 2  0.5  X1  c  (13% duty level of FB or 87% FB energy recuperated with RB), KE = 0.5  1495  27.7 2  0.5  0.8  1.05  0.13 = 31 kJ and for 70% duty level of FB or 30% energy recuperated with RB, KE = 0.5  1495  27.7 2  0.5  0.8  1.05  0.7 = 169 kJ Temperature rise T was calculated using equation,
The temperature rise at each brake disc (DT) for the FB with RB on the front wheels is 16C, this refers to 87% of energy recuperated. In comparison T = 88C for 30% of energy recuperated with RB [2] . Taking the disc ring mass, m as 3.5 kg and Cp = 550 J/kgK, the braking force generated at the front brake disc for J = 0.4 g (3.9 m/s 2 at GVM) was predicted as the maximum energy recuperated at 87% equal to 13% of friction brake duty:
and the calculated brake torque is:
From these torque estimates the temperature rises for FB with 13% and 70% brake duty can be calculated and compared to typical values of single stop temperature range (SSTR) shown in Table 1 , which can be considered as the MOT for a typical brake used without RBS. Refer to Curry [8] , of this study for the SSTR calculations. 
Prototype Lightweight Disc Rotor
A prototype lightweight disc assembly was designed (Figure 1 ) based on the design method [9] . It comprised two parts; a friction ring and a hub adaptor. The friction ring was made of stainless steel, it had 24 cross-drilled hole to improve cooling and was bolted to the adaptor which was also made of stainless steel. The standard callipers on the test car were used but required piston spacers as shown in Figure 2 . The disc thickness was 4.9 mm had 260 mm outside diameter and 146 mm inside diameter. The total mass was 3.2 kg including the adaptor. The swept area of the disc was 0.07 m 2 calculated based on the outer (256 mm) and inner dimensions (146 mm) of the brake pad. The disc exposed surface area is 0.104 m 2 was used to calculate the cooling rate and convective heat dissipation. The prototype lightweight brake disc was based on the friction brake lower duty in a vehicle with RBS. The key objective was to investigate the disc thermo mechanical capabilities of a prototype lightweight disc. The disc/hub was not investigated or optimised. There may be limitations of high temperatures in the prototype disc, but the important aspect was to investigate a way of reducing vehicle mass.
2.0 METHODOLOGY
A standard ventilated disc was tested on the chassis dynamometer to measure the temperature distribution on the disc friction surface using rubbing thermocouples connected through a data logger. The chassis dynamometer, known as a Rototest Energy chassis dynamometer, is a direct-drive axle type in which there is no slip between the tyre and the dynamometer. The system also has low inertia and an accurate measuring.
The chassis dynamometer measures wheel torque under different drive simulation conditions. It comprises a motor unit, a drive and main power supply cabinet, a controller, PC and realtime data logger analysis and cabling. The maximum power that can be absorbed and generated is 100 kW, maximum torque is 2500 Nm (instantaneous) and 1180 Nm (continuous), maximum hub speed is 2100 rpm equivalent to a maximum vehicle speed of 250 km/h. The dynamometer simulation capabilities include standard driving cycles such as ECE/EG, US06, and FTP75 [10] . The temperatures were measured through the rubbing thermocouples connected through the data logger. The pressures and the torques were measured through the corresponding transducers fitted in the dynamometer. The drag braking test was carried out on both discs with one rubbing thermocouple on the disc surface, one to the top hat (hub), and a third thermocouple which was attached to the front wheel hub.
The test car (approximate vehicle mass 1495 kg) was mounted to the chassis dynamometer. The wheel rotational was set at constant speed of 30 km/h to allow the new friction materials and the new discs to become well bedded-in. Each brake pad was weighed and its thickness measured before starting each experiment. The thickness was measured using a coordinate measuring machine (CMM); the back plate surface was measured at 4 points and then 16 points on the friction surface as shown in Figure 3 . The machine software (Inspect-3D) calculated the thickness at each point on the friction surface. By measuring the friction materials' weight and area of contact before and after the experiment, the wear thickness could be calculated. 
Brake Cooling
Newton's Law of cooling was applied, which states that heat loss is proportional to the temperature difference between the cooling body and its surroundings [11] . The heat dissipated by convection is determined by the following equation,
The heat energy absorbed by the disc is given by 
The heat transfer coefficients were calculated after 100 brake applications for both discs. The measured value of heat transfer coefficient was 94 W/m 2 K (ventilated) and 75 W/m 2 K (prototype). Both experiments were conducted at the same room temperature at 13C with air coming from a cooling fan located one metre distance away from the car with air velocity about 3.5 m/s. The results show that the prototype lightweight disc can transfer heat almost as well as the standard ventilated disc.
3.0 ANALYSIS AND RESULTS
A significant difference was in the temperature rise of the two disc types. For the prototype lightweight disc the temperature rise was a maximum of 260C compared with 160C for the standard ventilated disc (both discs were tested by the same procedure). The relationship between temperature change and heat energy change is governed by the specific heat; the specific heat of stainless steel is 460 J/kgK which is lower than cast iron (550 J/kgK). Ideally a brake should be made from a material with a high specific heat to give a smaller temperature rise for a given amount of energy transferred into the brakes. A small temperature rise means the brakes are less heavily thermally loaded.
Standard Ventilated Disc
An example temperature profile plotted again time is shown in Figure 4 . The maximum temperature rise recorded was 1C after 20 bar brake fluid pressure was applied for 10 seconds. The temperature at the disc hat showed an increase of 3.9C, typically from 76.5C to 80.4C in approximately 54 seconds. After the brake was released no further temperature increase was noted at the wheel axle, and the disc began to cool down from 159C to 100C in approximately 137 seconds. The average heat transfer coefficient from 6 runs shown in Table 2 indicated that the average cooling rate on the standard ventilated disc surface with the cooling fan was 90 W/m 2 K. The value of friction coefficient, µ can be calculated. The friction coefficient was calculated from the formula [9];
The average friction coefficient calculated for the friction material in contact with the standard ventilated disc was 0.41 (within the range of dry sliding) [12] . The friction coefficient slightly increased and then remained constant as shown in Figure  5 . 
Prototype Lightweight Disc
The prototype lightweight disc was made of stainless steel and bolted to the hub as a complete thin solid disc. The disc's exposed surface area was 0.104 m 2 . The type of friction material used in the experiment was a standard non-asbestos organic (NAO).
Friction material wear was plotted before and after the drag braking test for both pads on the near side wheel ( Figure 6 and Figure 7 ). Table 3 and Table 4 are examples of the different thickness layers of the near side friction material. From the two graphs, two layers were plotted. The first layer is for the new pad measured on 16.12.2010 (Test 1), The second layer with the same pad after the drag braking test was measured on 19.01.2011 (Test 2). Both friction materials show the wear profile at different locations of leading and trailing edges of the friction material. The lowest layer is shown in Figure 6 , after the shape has been changed to form a sloping surface. This is because of the high disc temperatures in drag braking which encourage disc thermal coning. Table 3 Friction material thickness (outside) in mm for near side wheel The prototype brake disc as shown in Figure 8 explaining the layout of measuring disc surface temperature. The measured friction ring temperatures rose from 100C to a maximum of 250C in 10 seconds of braking using about 20 bar of applied hydraulic pressure (Figure 9 ). In one particular cycle, the brake pedal was applied to 20 bar line pressure and hold for 10 seconds, the temperature increased from 100C up to 257C. Once the brake was released, the disc temperatures kept increasing to reach 271C in 5.6 seconds before dropping. This is because thermal energy is transferred to another region. The disc was allowed to cool down to a nominal temperature which is 100C. In this cycle, the prototype lightweight disc needed 158 seconds to cool down from 257C to 100C.
Figure 8
Rubbing thermocouple on the hub of the prototype lightweight disc with a dial gauge to indicate the disc coning deflection Figure 9 Temperatures and pressure measurement on the off-side front wheel prototype lightweight disc
The surface temperatures of the hat section increased from 61C to 63C in 10 seconds and continued climbing to 73C before decreasing gradually to 61C. The axle temperature did not change over the brake application of 10 seconds' duration of single stop braking. Hence, this shows that, in a short braking time, the bearing in the wheel axle would not experience any significant temperature rise.
The disc cooled quickly at first while hot and the rate of cooling slowed down gradually as the temperature of the disc approached the ambient temperature. The maximum temperature recorded was 275C. The temperature cooled down to 100C in 171 seconds with a constant wheel speed of 273 rev/min. Figure  10 shows the comparison between the prototype lightweight disc and the standard ventilated disc under constant speed drag braking. The prototype lightweight disc was thinner than the ventilated disc, and showed a greater temperature increase of approximately 120C. The ambient temperature was 13C. Figure 11 shows the experimental results of the cooling rate, 1/, used to calculate heat transfer coefficient for both discs. The prototype lightweight disc mass was 3.2 kg and the standard ventilated disc was 5.3 kg; the exposed surface areas were 0.104 m 2 and 0.113 m 2 respectively. The cooling rate of the prototype lightweight disc was calculated as 0.0053s -1 and for the standard ventilated disc it was 0.0037s -1 . Using Equation 1.4, the convective heat transfer coefficient for the prototype lightweight discs was 75 W/m 2 K, and for the standard ventilated disc it was 94 W/m 2 K.
Figure 11
Convective heat dissipation calculation on prototype lightweight disc and standard ventilated disc
The friction coefficient of the standard friction material (NAO) was calculated based on Equation 1.6. From the graph in Figure 12 , the average friction calculated for the prototype lightweight disc with NAO friction material was 0.37 whereas for a standard ventilated disc made of cast iron in contact with NAO it was 0.41. The results show good correlation with the previous observation that cast iron has a higher friction coefficient than stainless steel against certain types of standard friction material [13] [14] [15] .
Figure 12
Friction coefficient with prototype brake disc After 100 brake applications on the prototype disc, it was found that the disc displayed signs of 'blue spotting', indicating that it had been exposed to high temperatures ( Figure 13 ). This situation may be created by high temperature or by brake system imbalance. Evidence of 'blue spotting' means that the disc should be inspected to make sure it is not damaged e.g. cracked. If this situation is left unchecked it can result in martensite transformation and eventual cracking. 
4.0 DISCUSSION
The prototype disc was made of stainless steel, which has a high tensile strength, and shows lower disc coning compared to cast iron. However, in terms of temperature distribution, stainless steel shows better thermal properties compared to cast iron. This is because stainless steel has a lower thermal conductivity and heat capacity in order to absorb and transmit the heat generated at the friction interface. Stainless steel was thus suitable for use for a lower braking duty because it has a lower heat transfer coefficient and heat capacity in order to absorb and transmit the heat generated at the friction interface.
Temperature measurements have been carried out on both prototype lightweight discs and ventilated discs on the chassis dynamometer. There are many types of temperature measuring systems for use on disc brakes, such as infrared thermoscanners, embedded thermocouples, and rubbing thermocouples. Here rubbing thermocouples were used to measure the friction surface temperature of the brake discs. They are suitable for measuring brake disc temperatures as they gave accurate readings, were easy to use, low cost, robust, and low maintenance.
A chassis dynamometer was used to test the prototype lightweight and ventilated disc. The advantages of using the chassis dynamometer were its low inertia and accurate torque measurement. An experiment was also conducted to predict a heat transfer coefficient, for the prototype lightweight and the standard ventilated disc and then the heat transfer coefficient was used as a boundary condition in the FEA. There were some disadvantages of using the Rototest: it needed quite a long time to install the wheel adapter to the vehicle, an assistant to install it, and a large space and flat hard surface area.
The experimental results of the prototype lightweight disc produced a greater cooling rate but higher maximum temperature. The cooling rate was greater because of the exposed surface area. The mass of the prototype lightweight disc was about half that of the ventilated disc, therefore, it had about twice the temperature increase of the ventilated disc.
5.0 CONCLUSION
It can be concluded that stainless steel is a suitable material for a lightweight brake disc in terms of mechanical and thermal strength, provided that the tribological characteristics are suitable (e.g. it might be advantageous to use different pad materials). Stainless steel is suitable to be used for disc thicknesses less than 8 mm because stainless steel has three times the tensile strength of cast iron [16] . For disc thicknesses of 8 mm or greater cast iron is suitable because of its high thermal conductivity and low Young's modulus, which limit the amount of disc damage caused by the heat flux generated by friction.
The heat capacity of the material has been shown to be as significant as the thermal conductivity. Disc material with higher heat capacity can decrease both the maximum surface temperature and the maximum stress applied to the disc surface. But stainless steel seems to be a good material for a lightweight disc, and it is better than Al-MMC because of its higher MOT. A disc made of stainless steel is designed to minimise stresses and distortion.
